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Calmodulin Is the Divalent Cation Receptor
for Rapid Endocytosis, but Not
Exocytosis, in Adrenal Chromaffin Cells
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secretion competence can be maintained during peri-University of Chicago
ods of high demand.Chicago, Illinois 60637
Using membrane capacitance (Cm) measurements of
cell surface area, we recently defined the kinetic and
some of the regulatory properties of RE (Artalejo et al.,Summary
1995). We found that, when calf adrenal chromaffin cells
are subjected to physiological stimulation, RE is a highlyExocytosis and the ensuing rapid endocytosis in adre-
reproducible process that follows each round of secre-nal chromaffin cells are both Ca2+-dependent phenom-
tion and is precisely controlled. Three kinetic phasesena but differ in their divalent cation specificity, im-
could be distinguished (termed ultrafast, fast-1, andplying distinct Ca2+ receptors for the two processes.
fast-2) with time constants of z0.3, z3, and z13 s,To ascertain whether calmodulin is the Ca2+ receptor
respectively, but only two of these possible componentsfor either process, we blocked its function by introduc-
were exhibited together in any single round of endocyto-ing calmodulin-binding peptides or anti-calmodulin
sis. In addition, the ultrafast component only occurredantibodies into these cells. Exo/endocytosis was fol-
during a train of stimuli, and its manifestation reducedlowed by measurement of cell membranecapacitance.
the magnitude of the capacitance increase seen in theRapid endocytosis, but not exocytosis, was abolished
exocytotic burst. Virtually all cells exhibited ªexcess re-by these treatments, indicating that calmodulin is the
trievalº (Thomas et al., 1994), apparent as a decrease inCa2+ receptor for rapid endocytosis but is not involved
Cm below the original value; Cm then generally recoveredin exocytosis. The principal calmodulin target is not
back to baseline levels (we call this the REcovery Fromprotein phosphatase-2B, as antagonism of this en-
Excess Retrieval or REFER mechanism). RE was depen-zyme did not inhibit but accelerated rapid endocytosis.
dent on GTP hydrolysis and the G-protein dynamin, butCalmodulin may thus regulate both the rate and extent
did not appear to involve the clathrin-coated vesicleof rapid endocytosis by distinct pathways.
pathway commonly associated with receptor-mediated
endocytosis. Thus, introduction of anti-dynamin anti-
Introduction bodies into chromaffin cells blocked RE, whereas anti-
clathrin antibodies were without effect. These studies
It has been known for many years that Ca2+ is the trigger suggest that RE is distinct from previously characterized
for secretion in numerous cell types. Despite extensive forms of endocytosis (see Artalejo et al., 1995, for dis-
investigation over the last quarter century, the identity cussion).
of the intracellular receptors that mediate the effects We also showed that RE was Ca2+ dependent by in-
of Ca2+ on exocytosis has remained elusive, though a vestigating the divalent cation specificity of the process:
probable candidate in the form of synaptotagmin is cur- stimulation of cells in media containing either Ba2+ or
rently favored, at least at synapses (Littleton and Bellen, Sr2+ instead of Ca2+ gave rise to a normal exocytotic
1995; Scheller, 1995). Recently, it has become apparent episode, but this was not followed by RE (Artalejo et al.,
that the membrane recapture event termed rapid endo- 1995). The latter result implies that the divalent cation
cytosis (RE), whichimmediately follows secretion, is also receptors for exocytosis and RE are distinct molecules.
Ca2+ dependent in some cells (Neher and Zucker, 1993; Here, we have attempted to verify this hypothesis by
Artalejo et al., 1995). The occurrence of this form of identifying the Ca2+ receptor for RE. In several cell types,
endocytosis in diverse types of secretory cell (e.g., von the ubiquitous Ca2+-receptor protein calmodulin (CaM)
Gersdorff and Matthews, 1994; Parsons et al., 1994; has been implicated insecretion (see Discussion), but its
Thomas et al., 1994) suggests that it may play an impor- possible involvement in endocytic processes has been
tant role in the secretory cycle. For example, it could largely ignored. As CaM is not activated by Ba2+ and
be involved in the recyclingof emptyvesicles or granules only weakly activated by Sr2+ (Klee, 1988), we reasoned
back to a secretion-competent pool. Such recycling has that RE may be mediated by this protein in chromaffin
been studied in synaptic terminals where the entire pro- cells. The present study provides substantial evidence
cess can be completed within 60 s (Ryan et al., 1993) that CaM is the divalent cation receptor for RE but is
and was reported to be Ca2+ dependent at the frog neu- not involved in the final step of exocytosis.
romuscular junction (Ceccarelli and Hurlbut, 1980; but
see Ryan et al., 1993, for discussion). While the precise Results
relationship between different forms of endocytosis and
synaptic vesicle recycling is unclear, RE could well be RE was monitored by measurement of membrane ca-
pacitance (Cm) in cultured calf adrenal chromaffin cellsthe first step in the chain of events. By analogy, it may be
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(Neher and Marty, 1982; Artalejo et al., 1994, 1995); data Belle, 1984), although its extracellular use with intact
cells presents difficulties due to nonspecific side effectsfrom over 400 cells were used in the present study. As
recently demonstrated by us, repeated rounds of RE can (such as inhibition of Ca2+ channels), in common with
other members of this group of compounds. To circum-be sequentially activated in a virtually identical manner if
cells are stimulated to intermittently secrete by short vent this problem, we introduced calmidazolium into the
patch pipette to assess its effects. At a concentration ofdepolarizing trains (Figure 1A) (Artalejo et al., 1995). Un-
der these conditions, cells release only z2% of their 1027 M, this compound completely blocked RE without
affecting Ca2+ currents or exocytosis (Table 1).granular contents per round, thus remaining secretion
competent for a substantial time. This experimental par- As a third completely independent method of inhib-
iting endogenous CaM, we introduced anti-CaM mono-adigm is crucial in the evaluation of high Mr antagonists
introduced into the cell via the patch pipette: one round clonal antibodies into the patch pipette and tested their
effects on RE. Previous work has shown that these anti-of RE is recorded shortly after establishing the whole-
cell configuration as a control, then several minutes are bodies are entirely specific for CaM (for example, they
do not react with other Ca2+-binding proteins such asallowed to elapse for peptides or antibodies to diffuse
into the cell interior after which a second round of secre- S100, troponin C, and calbindin) and antagonize CaM
actions in vitro and in permeabilized cells (Sacks et al.,tion and RE is recorded. Because the same cell acts as
its own control, the compromise of recording control 1991; Reddy et al., 1992). Anti-CaM IgG eliminated RE
without affecting secretion or Ca2+ currents (Figure 2A;and experimental traces from different cells with the
attendant statistical variabilities is thus avoided. It is Table 1). The effect of the antibody was blocked if it
was preabsorbed with a 10-fold molar excess of CaMimportant to note that we do not see ªwashoutº of RE
as has been reported in other systems (e.g., Parsons et (Figure 2B). Inclusion of CaM itself in the patch pipette
had little effect on RE (Figure 2C), presumably becauseal., 1994); a critical difference in our experiments is the
presence of GTP in the patch pipette, that we recently sufficient endogenous CaM remains in the cell to fulfil
its function (see Discussion). We confirmed that the anti-demonstrated is essential for RE (Artalejo et al., 1995).
To assess the involvement of CaM in RE and exocytosis, bodies reacted only with CaM in chromaffin cell extracts
by immunoblot analysis (Figure 2A, inset). Together, thewe used four approaches: CaM-interacting peptides
that act as inhibitors of CaM binding to diverse target peptide, calmidazolium, and anti-CaM antibody data
strongly suggest that CaM is involved in RE but doesproteins, the organic CaM antagonist calmidazolium,
anti-CaM antibodies, and divalent cation specificity. not participate in exocytosis.
Antagonism of CaM Blocks RE but Not Exocytosis
Mn2+ Can ªRescueº RE in Cells BathedFirst, we tested whether two potent anti-CaM peptides
in Ba2+ or Sr2+ Mediaderived from the CaM-binding domains of CaM-depen-
While the above data show that CaM is involved in thedent protein kinase II (CaM-KII290±309; Payne et al., 1988)
chain of events connecting Ca2+ entry to retraction ofand smooth muscle myosin light chain kinase (MLCK;
the empty secretory granule, it remains possible thatRS20; Lukas et al., 1986) could block RE when intro-
other divalent cation binding proteins besides CaM par-duced into the cell interior. These peptides have Kds for
ticipate in the process. CaM binds several divalent cat-CaM of 52 nM and 1 nM, respectively, and have been
ions, many of which activate the protein and can effec-shown in other situations to antagonize CaM actions in
tively substitute for Ca2+ (Chao et al., 1984; Klee, 1988).intact cells (e.g., Itoh et al., 1989; Wagner et al., 1991).
However, Ba2+ and Sr2+ are poor activators of CaM and,Both peptides were very effective at low concentrations
while activating secretion quite effectively, do not sup-(40 mg/ml; z20 mM) in eliminating RE in the second
port RE when used extracellularly as charge carriers inround of stimulation (Figures 1B and 1C; Table 1). Be-
chromaffin cells (Figure 3A) (Artalejo et al., 1995). Bycause RS20 is a very potent CaM antagonist, we ex-
contrast, Mn2+ has been shown to bind to and to activatepected that much lower concentrations would also in-
CaM (e.g., Wolff et al., 1977; Chao et al., 1984; Kurethibit RE. Indeed, at pipette concentrations as low as 0.2
and Schulman, 1984) and has the important property,mM, RS20 still completely eliminated RE (Figure 1C). On
as shown here and previously (Matthies et al., 1988), ofthe other hand, a peptide (XRS20), based on the amino
not activating exocytosis when introduced into the cellacids present in RS20 but in a random order, failed to
interior. Thus, we asked whether intracellular Mn2+ couldaffect RE at 20 mM (Figure 1D). We tested whether
ªrescueºRE in cellsstimulated in Ba2+- or Sr2+-containingXRS20 could affect CaM function in vitro by titrating its
solutions. When cells were loaded with 0.1 mM free Mn2+effect on CaM-dependent protein kinase III activity in
through the patch pipette, no effect on capacitance inchromaffin cell extracts. In such assays, XRS20 was
unstimulated cells was seen, indicating that Mn2+ does<0.1% as active as RS20 in blocking CaM (n = 5; data
not activate the secretory machinery. On the other hand,not shown), validating its use as a suitable negative
when cells were stimulated with either Ba2+ (Figure 3B;control. None of the peptides had any significant effect
Table 1) or Sr2+ (n = 20; data not shown) as the chargeon the magnitude of Ca2+ currents or capacitance in-
carrier, secretion was activated normally and was fol-creases in response to trains of depolarizing stimuli (Fig-
lowed by a typical cycle of RE, including the ultrafastures 1B±1D; Table 1), indicating that their effects were
component. These results indicate that Mn2+ can acti-specific to RE.
vate the divalent cation receptor mediating RE and areSecond, we tested the effects of the organic CaM
thus consistent with CaM being this receptor. They alsoantagonist calmidazolium on RE. This compound is the
most potent of the organic CaM inhibitors in vitro (van suggest that RE can be triggered only after a secretory
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Figure 1. CaM Antagonist Peptides Inhibit RE in Chromaffin Cells
Continuous capacitance (Cm) recordings from cells in which the patch pipette contained (A) no addition, (B) 17.6 mM CaM-KII290±309, (C) 0.2 mM
RS20 (n = 8), (D) 20 mM XRS20. Secretion was elicited by a train of 10 depolarizations, from a holding potential of 290 mV to +10 mV, each
lasting 50 ms; 500 ms separated each depolarization (bars above traces in this and subsequent figures indicate time after establishing whole-
cell mode). Each depolarization was preceded by a 50 ms prepulse to +120 mV to recruit facilitation Ca2+ channels (Artalejo et al., 1994, 1995).
Breaks in Cm records correspond to application of test depolarizations. After exocytosis was complete (rising phase), Cm trace declines
reflecting RE (dashed line is baseline). In (B) and (C) only, the first round of RE is completed; after the peptides have diffused into the cell,
RE is blocked. The current elicited by the first test depolarization is plotted underneath the capacitance trace; means are shown in Table 1.
Note that neither the Cm increase nor the Ca2+ current is significantly affected by time of incubation or the presence of the peptides in the
pipette.
cycle in chromaffin cells, as intracellular Mn2+ loading cells with Ba2+ or Sr2+ then stimulated in the presence
of extracellular Ca2+ (Figure 3C). Inclusion of Ba2+ (Figuredid not provoke endocytosis prior to cell stimulation.
A concern with respect to Ba2+ and Sr2+ is that these 3Ca) or Sr2+ (Figure 3Cb) at concentrations up to 100
mM in the pipette did lead to a slow rise in capacitance,cations could be inhibitors of the divalent cation recep-
tor mediating RE. To eliminate this possibility, we loaded reflective of an activation of the secretory apparatus in
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Table 1. Statistical Analysis of Rapid Endocytosis in Chromaffin Cells
Treatmenta Peak Current Peak Capacitance Max Rate Max Rate Max Rate Membrane
(pA) Changeb (fF) Exocytosisc Endocytosisd Endocytosisd Retrieved within
(fF/s) ªUltrafastº ªFastº (fF/s) 20 s (%)
(fF/s)
Control (n 5 18) 2834.2 6 43.2 784.1 6 84.7 755.5 6 52.5 780.9 6 51.6 79.4 6 5.4 107.3 6 4.4
CaM-KII(290±309) (n 5 20) 2804.8 6 41 833 6 56.5 821.4 6 43.7 Ð Ð 0.66 6 0.32e
RS20 (n 5 16) 2816.6 6 47.9 871.1 6 71 869.2 6 77.1 Ð Ð 0.55 6 0.26e
XRS20 (n 5 14) 2859.3 6 43.6 789.7 6 123.7 761.6 6 40.1 788.7 6 38.7 88.5 6 5 105.9 6 3.7
Calmidazolium (n 5 13) 2829.9 6 74.2 899.9 6 67.1 858.7 6 61.9 Ð Ð 0.81 6 0.36e
Anti-CaM IgG (n 5 18) 2861.1 6 34.1 905.7 6 80.8 888.9 6 70.5 Ð Ð 1.06 6 0.49e
Preabsorbed 2805.1 6 43.9 753.7 6 72.4 799.8 6 53.1 910.2 6 72.95 86.8 6 7 108.4 6 3.93
anti-CaM IgG (n 5 21)
CaM (n 5 27) 2783.3 6 29.9 696.8 6 57.2 709.9 6 34.9 853.5 6 54.55 87.2 6 5.4 112.9 6 3.63
Barium (n 5 18) 21437 6 82.6f 1149 6 134.2g 415.9 6 41.7f Ð Ð 0e
Barium/manganese 21532 6 58.7f 697.9 6 55.1 464.1 6 25.1f 702.2 6 43.20 79.7 6 3.9 105.2 6 2.62
(n 5 30)
Cyclosporin A (n 5 20) 2941.9 6 58.8 352 6 12.5f 1198.9 6 90.1f 1869.8 6 147.7f 92.3 6 7.1 380.8 6 16.1e
PP-2B autoinhibitory 21050.7 6 78.3g 343.1 6 19.5f 1151.4 6 111f 1688.5 6 240f 79.8 6 11.7 340.1 6 17.5e
fragment (n 5 11)
a Concentration of all reagents given in the text.
b Measured as mean peak increase in capacitance during the exocytotic burst in response to a standard 10-depolarization stimulus train.
c Rate of Cm change as dCm/dt was measured as the slope of the lines connecting the increments in the capacitance trace from the beginning
and end of sequential depolarization interrupts; maximum value is denoted here.
d Rate of Cm decline obtained by measuring the steepest downward slope of the Cm trace. Peak amplitudes and rates of Cm were each divided
by the initial capacitance, and then multiplied by the average initial capacitance of the cell, to normalize data.
e Significantly different from the corresponding control values at p , .0001.
f Significantly different from the control at p , .01.
g Significantly different from the control at p , .03.
the absence of electrical stimulation. However, when Antagonism of CaM-Dependent Protein Kinase II,
MLCK, or PKA Has No Effect on REcells were stimulated, a rapid burst of exocytosis fol-
lowed by robust RE occurred. These results make it We began a search for the possible downstream targets
of CaM in the regulation of RE by evaluating whetherunlikely that Ba2+ or Sr2+ interfere with the Ca2+ receptor
mediating RE. peptide inhibitors of two well-known CaM-dependent
Figure 2. Anti-Calmodulin Antibodies Inhibit RE in Chromaffin Cells
Cm recordings from cells in which the patch pipette contained either (A) anti-CaM IgG (1 mg/ml); (B) anti-CaM IgG (1 mg/ml) preabsorbed with
CaM (1 mg/ml, an approximate 10-fold molar excess); or (C) CaM (2.5 mg/ml) alone. Inset in (A) is immunoblot showing recognition of chromaffin
cell CaM by the antibody; lane 1: chromaffin cell lysate (100 mg); lanes 2 and 3: bovine brain CaM (0.1 and 1 mg, respectively). None of the
treatments had a significant effect on secretion or Ca2+ currents (for statistics see Table 1).
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Figure 3. Mn2+ Can ªRescueº RE in Cells Bathed in Ba2+- or Sr2+-Containing Media; Ba2+ and Sr2+ Are Not Inhibitors of the Divalent Cation
Receptor
(A) Ca2+, but not Sr2+ or Ba2+, supports RE in chromaffin cells. Continuous capacitance records from a cell in which secretion was elicited as
usual in a solution containing (sequentially) 2 mM Ca2+, 2 mM Sr2+, or 2 mM Ba2+. Note that RE is normal in Ca2+ but absent in Ba2+ or Sr2+. For
statistics on these treatments, see Table 1 and Artalejo et al., 1995.
(B) Mn2+ ªrescuesº RE. The patch pipette was loaded with EGTA-Mn2+ such that the free Mn2+ was 100 mM. Secretion was then elicited in
solutions containing 2 mM Ba2+. Insets show early part of record on a faster time base to indicate kinetics of RE (ultrafast response occurs
on left at arrow). For statistics see Table 1.
(C) Ba2+ and Sr2+ do not inhibit RE. Cells were loaded with a solution containing 100 mM free Ba2+ (a) or 100 mM free Sr2+ (b). Stimulation was
performed in a normal Ca2+-containing solution. Note the slow baseline rise in capacitance with both Ba2+ and Sr2+, reflective of activation of
the secretory apparatus; normal RE is seen following the exocytotic burst in both cases (inset: early part of record on faster time base to
show kinetics). n = 11 for Ba2+ and n = 14 for Sr2+ with similar results.
protein kinases could block the process. CaM-KII (281± these peptide antagonists had any effect on exocytosis,
302, Ala286) antagonizes the kinase activityof CaMkinase it appears equally unlikely that CaM kinase II, MLCK,
II by acting as a pseudosubstrate (Smith et al., 1992), or cAMP-dependent protein kinase are involved in the
but has very weak anti-CaM activity. At a concentration basic mechanism of secretion in these cells.
25-fold higher (1 mg/ml) than an RE-blocking concentra-
tion of CaM-KII290±309, the kinase antagonist had no effect
PP-2B (Calcineurin) Inhibitors Fail to Block REon endocytosis (Figure 4A; Table 1), suggesting that
but Alter Its KineticsCaM-KII is not involved in the process. Moreover, as
Another possible target of CaM in RE activation is PP-this peptide partially overlaps CaM-KII290±309, as well as
2B, a Ca2+-dependent serine-threonine phosphatasehaving a similar size and charge distribution, it consti-
whose activity is dramatically stimulated by CaM (Kleetutes a useful negative control for possible nonspecific
et al., 1988). Moreover, PP-2B seemed a potential medi-effects of CaM-KII290±309. Similarly, a pseudosubstrate
ator of RE as it reputedly dephosphorylates dynamin-1peptide derived from MLCK, myosin kinase inhibitory
in synaptosomes (Nichols et al., 1994) and in vitro (Liupeptide (Pearson et al., 1986), failed to alter the kinetics
et al., 1994). Dynamin has been shown to be critical toof either exocytosis or RE (Figure 4B). Another basic
various types of endocytosis (e.g., Koenig et al., 1983;peptide, derived from the Walsh inhibitor specific for
Herskovits et al., 1993), including RE (Artalejo et al.,cAMP-dependent protein kinase (PKI5±24), was also with-
1995), and a hypothesis that dynamin phosphorylationout effect onRE. These results suggest that neither CaM
cycles regulate the endocytic mechanism in nerve termi-kinase II nor MLCK constitutes the downstream CaM
nals has been presented (Robinson et al., 1994; seereceptor for RE and that cAMP-dependent protein ki-
nase does not play a role in RE. Clearly, as none of Discussion, this study). We reasoned that if the CaM
Neuron
200
Figure 4. RE Is Not Affected by Anti-Protein Kinase Peptides; Neither CaM-KII nor MLCK Are the CaM Receptors for RE
Continuous Cm records of cells loaded with (A) CaM-KII (281±302, Ala286), (B) myosin kinase inhibitory peptide, or (C) PKI5±24, all at 1 mg/ml.
None of the peptides had any significant effect on secretion or RE (CaM-KII [281±302, Ala 286]: n = 16; myosin kinase inhibitory peptide: n =
10; PKI5±24: n = 14).
target for RE is PP-2B then antagonism of PP-2B func- 1992). Both the PP-2B inhibitory peptide and anti-cal-
cineurin antibodies (n = 12) also stimulated RE (Figuretion should interfere with RE. To assess whether PP-2B
5D; Table 1; and data not shown). The antibodies weremight play such a role, we blocked the function of this
able to recognize the z60 kDa a-subunit of chromaffinenzyme in four ways. We used the immunosuppressants
cell PP-2B on immunoblots (Figure 5F). The similar ef-cyclosporin A and FK506, which inhibit PP-2B function
fects of these reagents suggest that PP-2B functionby binding to the immunophilins cyclophilin and FKBP-
may well be important in the exo/endocytotic cycle in12 (the drug-immunophilin complexes comprising po-
chromaffin cells. Nonetheless, blockade of PP-2B doestent PP-2B inhibitors), respectively (for review, see
not inhibit RE, so it is unlikely that this enzyme is theSchreiber and Crabtree, 1992). Additionally, the effect
relevant target of CaM in activating RE.of introducing a calcineurin inhibitory peptide (Hashi-
moto et al., 1990) or anti-calcineurin antibodies into the
cell was assessed.
Discussion
All four approaches gave essentially the same result:
RE was not inhibited (Figure 5; Table 1). In contrast,
The results presented here provide very strong evidence
an enhancement of the ultrafast component of RE was
that CaM is the Ca2+ receptor for RE. Peptide antagonists
routinely observed, leading to a blunted secretory Cm that bind to the active conformation of CaM and block
increase. This was accompanied by ªexcess retrievalº its binding toother proteins inhibit RE, and CaM-specific
far greater than that seen normally together with an antibodies, expected to sequester CaM and render it
apparent failure of the REFER mechanism (Figures 5A, incapable of interaction with other proteins, have an
5B, and 5D). The effect on Cm rise did not involve an identical effect. The effect of the potent CaM antagonist
effect on exocytosis per se, as the maximum rate of peptide RS20 (Lukas et al., 1986) was specific, as it
exocytosis after the first pulse of the stimulation train could block RE at pipette concentrations of 0.2 mM; and
actually exceeded control values (Table 1). Instead, the XRS20, a randomer based on the amino acid composi-
premature activation of RE overrode secretion such that tion of RS20, was inactive at 100-fold greater concentra-
the total Cm increase was severely diminished. When tions. Furthermore, the apparent cation specificity of RE
cell extracts were tested for PP-2B activity after treat- is in good agreement with the binding characteristics
ment with immunosuppressants at maximally effective of these ions for CaM: Ca2+ and Mn2+ can support RE and
doses, the enzyme was markedly inhibited (Figure 5E). activate CaM efficiently, whereas Sr2+ and Ba2+, which,
The immunosuppressant effects were specific in that respectively, bind poorly and not at all to CaM, do not
the closely related molecule rapamycin had no effect support RE. Interestingly, CaM has been implicated in
on exo/endocytosis (n = 12; data not shown) and, when other forms of endocytosis and transcytosis (e.g., Salis-
preincubated with cells prior to FK506 treatment, pre- bury et al., 1980; Hunziker, 1994; Kubler et al., 1994);
vented the inhibition by FK506 of both RE and enzyme thus, it may participate in various membrane recovery
activity (Figures 5C and 5E), as has been shown in other pathways. By contrast, the failure of CaM antagonists
to inhibit exocytosis, coupled with the divalent cationsystems (Hultsch et al., 1991; Schreiber and Crabtree,
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Figure 5. Inhibition of PP-2B Magnifies the Ultrafast Component of RE and Prevents Recovery after ªExcess Retrievalº
Cells were preincubated for 30 min in solutions containing (A) cyclosporin A (1 mM); (B) FK506 (0.1 mM; n = 22); or (C) rapamycin (1 mM) 15
min prior to FK506 (0.1 mM; n = 12). Note the failure of cells in (A) and (B) to exhibit recovery after excess retrieval (REFER) and blockade of
the FK506 effect by rapamycin preincubation (C). Insets in (A), (B), and (C) are expanded plots of the initial phase of the Cm trace to show the
onset of ultrafast RE during the exocytotic burst. Perfusion of cells with (D) PP-2B autoinhibitory fragment (1 mg/ml) had a similar effect to
the immunosuppressants. Immunosuppressants inhibit PP-2B activity in extracts from chromaffin cells (E). PP-2B activity was measured in
cell extracts derived from untreated cells (control) or cells treated as indicated in (A), (B), and (C). Values are given as percentage of control
6 SEM; control PP-2B activity was 1.01 nmol/mg/min (n = 8). Anti-PP2B antibodies recognize an z60 kDa band in chromaffin cells (F). AC
cells: 100 mg total chromaffin cell protein; synaptos: 5 mg rat brain synaptosome protein. Immunological detection was with anti-calcineurin
monoclonal antibody and ECL.
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specificity of secretion (Ca2+, Ba2+, and Sr2+ all work while have distinct mechanisms of regulation from those pres-
ent in mammalian cells. Our results suggest that CaMMn2+ is inactive), strongly suggests that CaM is not in-
does not play a role in the vesicle fusion event thatvolved in the final steps of secretion in chromaffin cells.
gives rise to the capacitance increase characteristic ofAs indicated below, this conclusion contradicts some
exocytosis in chromaffin cells.earlier work in this area but is consistent with the con-
The downstream receptor for CaM action in RE istemporary view that another Ca2+-binding protein, such
not yet apparent. The peptide and antibody antagonistsas synaptotagmin (capable of binding Ba2+ and Sr2+;Dav-
used here would be expected to prevent CaM bindingletov and Sudhof,1993), may be theprincipal Ca2+ recep-
to all Ca2+-dependent targets because they form a tighttor for exocytosis in diverse cell types (Littleton and
association with the Ca2+-bound form of CaM (O'NeilBellen, 1995; Scheller, 1995). Synaptotagmin-like mole-
and DeGrado, 1990; Sacks et al., 1991; Meador et al.,cules have indeed been found in chromaffin granules
1992). Blockade of two prominent CaM-dependent pro-(Trifaro et al., 1989; Perin et al., 1991).
tein kinases (CaM kinase II and MLCK) by peptide antag-Ca2+ has previously been implicated in various forms
onists failed to affect RE or exocytosis, suggesting thatof endocytosis, and recent results make it evident that
neither kinase is involved in RE. Another potential medi-RE is Ca2+ dependent in chromaffin cells (Neher and
ator of CaM action is PP-2B (Klee et al., 1988). ThisZucker, 1993; Artalejo et al., 1995). On the other hand,
possibility is intriguing in view of the speculation, de-studies in goldfish neurons (von Gersdorff and Mat-
rived from observations in synaptosomes and in vitrothews, 1994) suggest that Ca2+ inhibits a rapidly acti-
studies, linking PP-2B with the function of the proteinvated form of endocytosis at higher concentrations
dynamin-1 in synaptic endocytosis (Robinson et al.,(>1 mM). In that preparation, it was claimed that CaM
1994). The hypothesis posits that PP-2B dephosphory-antagonists (W7 and CaM-KII290±309, as well as another
lates dynamin following depolarization-dependent entryCaM-binding peptide) had no effect on endocytosis or
of Ca2+ into the nerve terminal. The dephosphorylatedits inhibition by Ca2+. The reasons for this discrepancy
form of the protein then supposedly couples more effi-with the present data are unclear but may reflect differ-
ciently to the endocytic mechanism due to a reductionences in the systems used. For example, we have shown
in its GTPase activity. In fact dynamin does play a pivotalthat the ultrafast component of RE can occur simultane-
role in the recapture of synaptic vesicles (Koenig et al.,ously with exocytosis in adrenal chromaffin cells (Arta-
1983) and chromaffin cell RE (Artalejo et al., 1995), aslejo et al., 1995, and the present work), whereas in gold-
well as in receptor-mediated endocytosis (Herskovitsfish neurons, no ultrafast component was detected and
et al., 1993), but many of the other arguments of theapparently there was always a delay in the initiation
Robinson hypothesis remain unproven.of endocytosis, possibly reflecting the Ca2+-inhibitory
We used several approaches to assess the potentialprocess (von Gersdorff and Matthews, 1994). Whether
role of PP-2B in RE, including the immunosuppressantsthese differences reflect a general divergence in the
FK506 and cyclosporin A, which are known to bind tomechanism of RE in neurons and other secretory cells
different immunophilins and generate specific PP-2Bremains to be determined, and further studies will be
antagonists. These compounds have been used in nu-needed to ascertain if a Ca2+-dependent inhibition of RE
merous studies to evaluate the role of PP-2B in physio-exists in chromaffin cells.
logical events (see Schreiber and Crabtree, 1992, andOur results differ from previous studies in chromaffin
Snyder and Sabatini, 1995, for reviews). We also usedcells postulating that CaM-dependent processes are in-
a specific peptide derived from the autoinhibitory do-volved in exocytosis. Early studies, in which cell-perme-
main of PP-2B (Hashimoto et al., 1990), as well as anti-ant ªCaM antagonistsº such as trifluoperazine were
calcineurin antibodies to block PP-2B function. All meth-
found to inhibit secretion when added to the extracellu-
ods led to an enhancement of the ultrafast component
lar medium, are complicated because of the widespread
of RE, coupled with a failure of cells to recover to base-
nonspecific effects of these compounds on other pro-
line after excess retrieval (the REFER mechanism). The
cesses that can affect secretion (e.g., see Clapham and normal operation of ultrafast RE markedly reduces the
Neher, 1984, for references and discussion). More signif- magnitude of the secretory response typically seen in
icantly, introduction of anti-CaM antibodies into chro- chromaffincells (Artalejo et al.,1995), and this phenome-
maffin cells by cell fusion was shown to inhibit secretion non was exaggerated in PP-2B-inhibited cells (Figure
of catecholamines (Kenigsberg and Trifaro, 1985). How- 5). Inhibition of PP-2B also augmented the initial rate of
ever, in that study, the delivery of CaM antibodies could secretion (Table 1). Though we did not investigate this
not be controlled; for example, generally far less than phenomenon further, it is interesting to note that immu-
100% of the cells were ªinjected.º Few controls, such nosuppressants increase glutamate secretion in synap-
as preabsorbed antibodies, Fab fragments, denatured tosomes (Nichols et al., 1994). On the other hand, immu-
antibodies, etc., were performed. As these authors nosuppressant inhibition of secretion has been reported
themselves admitted ª ... we cannot exclude the possi- in other systems (e.g., mast cell line: Hultsch et al., 1991;
bility that the antibody±antigen interaction non-selec- pancreatic acinar cells: Groblewski et al., 1994). It is
tively inhibits the secretory processº (Kenigsberg and possible to speculate that the latter effects might be
Trifaro, 1985). Observations in two other systems, Para- partially due to excess activation of endocytic mecha-
mecium trichocyst discharge (Momayezi et al., 1987) nisms, as seen in the present work. Alternatively, PP-
and sea urchin eggs (Steinhardt and Alderton, 1982), 2B may play different roles in secretion depending on
suggested a role for CaM in secretion on the basis of the system, or play multiple roles in one cell type, as
suggested here.antibody experiments, but invertebrate systems may
Calmodulin Regulates Rapid Endocytosis
203
measured by a computer program using a phase-tracking techniqueThe mechanism whereby inhibition of PP-2B en-
(Fidler and Fernandez, 1989). All experiments were carried out athances ultrafast RE and disrupts the REFER mechanism
room temperature (218C±248C). The patch-pipette solution con-is unknown. To clarify this issue, it will be necessary to
tained 110 mM Cs-glutamate, 0.1 mM Cs-EGTA, 40 mM HEPES, 5
identify the relevant substrates of PP-2B in chromaffin mM MgCl2, 2 mM ATP, 0.35 mM GTP (pH 7.2), and various additions
cells. As indicated above, one possibility is that the as indicated in the figure legends. The external solution consisted
target of PP-2B is dynamin (Robinson et al., 1994). How- of 2 mM CaCl2, 150 mM tetraethyl ammonium chloride, 10 mM
HEPES, 10 mM glucose, and 1 mM tetrodotoxin (pH 7.2). In Figureever, this hypothesis predicts that inhibition of PP-2B
3, CaCl2 was substituted by equimolar SrCl2 or BaCl2; intrapipetteshould reduce endocytosis because thephosphorylated
EGTA-Mn2+, -Sr2+, and -Ba2+ buffers were calculated according to aform of dynamin hydrolyzes GTP more efficiently, and
routine established by Dr. J. L. Rodeau based on computer pro-
it is proposed that the GTP-bound form of dynamin grams described by Fabiato (1988). Measurements are given as
mediates endocytosis. As the present data shows that means 6 SEM.
PP-2B antagonism yields a diametrically opposite result,
i.e., increases endocytosis, it suggests that, at the very
Peptides and Antibodiesleast, the Robinson hypothesis does not extend to chro-
RS20 (RRKWQKTGHAVRAIGRLSSS) was the generous gift of Dr. T.maffin cells. We are presently investigating whether PP-
J. Lukas (Northwestern Univ., Chicago, IL). Calcineurin inhibitory2B regulates dynamin phosphorylation in chromaffin
peptide (ITSFEEAKGLDRINERMPPRRDAMP) was kindly provided
cells. In any event, the fact that inhibition of CaM blocks by Dr. R. Nichols (Medical College of Pennsylvania, Philadelphia,
RE whereas antagonism of PP-2B has the opposite ef- PA) or was obtained from American Peptide Co. (Sunnyvale, CA).
fect renders it unlikely that the target for CaM in mediat- Myosin kinase inhibitory peptide (KKRAARATS), CaM-KII290±309 (LKKF
NARRKLKGAILTTMLA), and CaM-KII (281±302, Ala286: MHRQDAVECing RE is PP-2B. Similar reasoning rules out the B-sub-
LKKFNARRKLKGA) were from Bachem (Torrance, CA); and PKI5±24unit of PP-2B as a potential Ca2+-receptor for RE: binding
was purchased from Peninsula Labs (Belmont, CA). XRS20, (SGIALRof Ca2+ to this subunit would be expected to increase
TQRHGKWRKAVRS) a random peptide based on the amino acidsPP-2B activity (Klee et al., 1988). Based on the present
present in RS20, was synthesized by QCB (Hopkinton, MA) and
data, we suggest that CaM plays a dual role in RE: supplied at >98% purity. Anti-CaM monoclonal antibody was gener-
binding to an unknown component that is part of the ously supplied by Dr. David Sacks (Brigham and Women's Hospital,
basic membrane retrieval mechanism and stimulation Boston, MA); the antibody was centrifugally dialyzed against internal
pipette solution (without ATP and GTP) in Centricon-20 spin-con-of PP-2B, which controls the REFER mechanism.
centrator devices (Amicon, Danvers, MA); just prior to introductionIt is notable that we find no ªwashoutº of RE in our
into the pipette, ATP andGTP were added from concentrated stocksexperiments, suggesting that the regulatory compo-
to the antibody solution. Bovine brain CaM was purified by standardnents necessary for RE do not readily diffuse away (cf.
procedures (Brady and Palfrey, 1993). Monoclonal anti-calcineurin
Parsons et al., 1994, that found rapid washout of RE in antibodies were obtained from Transduction Labs (Lexington, KY)
hair cells). This is somewhat surprising with respect to and were dialyzed into pipette solution as described above; poly-
CaM, as it is a small protein that is generally thought to clonal antibody to calcineurin was the kind gift of Dr. C. B. Klee.
Cyclosporin A was obtained through Dr. K. Roskaz (Sandoz, E.be largely cytoplasmic. However, it may well be that the
Hanover, NJ); FK-506 was obtained through Dr. I. Bekersky (Fuji-CaM pool critical for RE is anchored in close proximity
sawa USA, North Deerfield, IL); and rapamycin was purchased fromto the sites of membrane recovery; indeed, a substantial
Biomol (Plymouth Meeting, PA). These compounds were dissolvedfraction of CaM (30%±57%, depending on ambient
as 10,0003 stock solutions in dimethyl sulfoxide. Immunoblotting
[Ca2+]) is found in particulate fractions in chromaffin was performedexactly as previously described (Artalejoet al., 1995).
cells, including secretory granules (Hikita et al., 1984).
Several studies have shown that CaM is activated in
bovine chromaffin cells by secretory stimuli (e.g., Hay- PP-2B and CaM Kinase III Assays
PP-2B was assayed by minor modification of the procedure of Gro-cock et al., 1988). As with other cells (e.g., PC12: Brady
blewski et al. (1994). The substrate RII peptide was phosphorylatedand Palfrey, 1993), CaMhas been shown to bind to many
in vitro with purified catalytic subunit of cAMP-dependent proteinproteins in chromaffin cells and their granules (Hikita et
kinase (Promega) and g-[32P]-ATP (Dupont-NEN). The phosphory-al., 1984). Other proteins seem capable of binding to
lated peptide was separated from free ATP by chromatography on
the CaM that is bound to the granules (e.g., Geisow Dowex AG1-X8 (elution with 5% acetic acid) and lyophilized, and
and Burgoyne, 1983). Further targets that should be its purity was checked by thin-layer chromatography. Assays con-
considered are microtubule-associated proteins such tained 25 mM Tris±HCl (pH 7.4), 6 mM MgSO4, 0.5 mM dithioerythri-
tol, 0.1 M NaCl, 20 nM calyculin A, and either 1 mM EGTA (back-as MAP2 and t, both known to bind CaM (e.g., Lee and
ground) or 0.5 mM CaCl2 + 10 mg/ml CaM (stimulated), 10±20 mgWolff, 1984). We showed previously that nocodazole,
chromaffin cell cytosol protein, and 10 mM [32P]-RII peptide (z7 3a potent microtubule depolymerizing agent, reversibly
104 cpm). Incubation was for 10 min at 308C, after which the reactionblocked RE in chromaffin cells, implicating microtubules
was stopped with 0.5% trichloroacetic acid containing 100 mM
in the process (Artalejo et al., 1995). Thus, CaM effects KH2PO4. Free [32P]-orthophosphate was separated from peptide byon microtubule function in RE are certainly plausible. chromatography on 1 ml Dowex-50 columns, the flow-through being
Determination of theappropriate CaM target will be criti- collected and counted by Cerenkov radiation. CaM kinase III was
cal for a full understanding of the molecular basis assayed by minor modification of the method of Mitsui et al. (1993).
The reaction mixture contained 25 mM Tris±HCl (pH 7.4), 5 mMof RE.
MgSO4, either 1 mM EGTA or 0.5 mM CaCl2, 20 mg chromaffin cell
cytosol protein, 10 mg rat liver elongation factor-2, 50 mM g-[32P]-Experimental Procedures
ATP, and various concentrations of RS20 or XRS20. Reactions were
allowed to proceed for 5 min at 378C, after which [32P]-elongationCell Preparation, Patch-Clamp Current, and
factor-2 was separated by SDS-7.5% polyacrylamide gel electro-Capacitance Recording
phoresis, the band was cut from the dried gel, and counts wereChromaffin cells were isolated from calf adrenal glands and cultured
as previously described (Artalejo et al., 1995). Capacitance was quantitated by liquid scintillation.
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